The methodology for sex determination in human skeletal remains depends on the different bone morphologies presented by men and women. Due to their direct implications in reproduction, the whole pelvis, particularly the os coxae, shows different characteristics in either sex. The sacrum and the os coxae constitute the birth canal. In this research study, the os coxae shape is analyzed using geometric morphometrics, providing information on morphology, regardless of size or any other factor beyond the geometry itself. A total of 46 adult ossa coxae from a Spanish archaeological collection were studied using geometric morphometrics. The results show that there is a restriction on the shape of female os coxae. In contrast, male os coxae presents a greater range of variation. The biological reason for this difference is the obstetrical dilemma; a concept defined as the anatomical conflict between bipedalism and the full-term birth of a neonate whose large head requires greater dimensions in the pelvic cavity. Our experimental data reinforce the validity of the obstetrical dilemma as source of the restriction on the shape of female ossa coxae. Additionally, according to the results obtained, size itself does not represent a condition for belonging to one sex or another.
Introduction
In osteoarchaelogical studies the analysis of the pelvis as a whole, specifically the ossa coxae, is essential in the sex determination of human skeletal remains. The pelvis, due to the role played in reproduction, presents differential morphological characters between sexes. Indeed, it is considered the best structure for sex determination compared with other regions, such as the cranium or long bones (Meindl et al. 1985; Wood & Chamberlain, 1986; Bruzek, 2002; Bruzek & Murail, 2006) . By its involvement in both locomotion and childbirth, the pelvis has complex and conflicting restrictions (e.g. a narrow distance between hip joints and giving birth to a large-brained neonate) that are often referred to as the obstetrical dilemma (Washburn, 1960; Rosenberg, 1992; Wells et al. 2012) .
Several methods that allow the sex determination of the bone remains are based on the shape or the dimensions of either the entire pelvis or only the os coxae. Most commonly used techniques can be classified into two major groups: visual or metric methods. Visual or qualitative techniques allow the classification between female and male morphologies based on examination of the characteristics of certain bones, whereas metric methods are rooted in the analysis of their dimensions. Among the visual techniques in sex determination, we can cite: (i) Phenice's method (1969) , which focuses on pubic bone morphology; (ii) Iscan & Derrick's method (1984) , which analyzes the lower pelvis; (iii) the recommendations of Ferembach et al. (1980) , who suggested evaluating several pelvic characters; and (iv) Bruzek (2002) , who reviewed all of the previous methods and identified 11 features of the os coxae that explain the differences between female and male morphologies more accurately.
Although visual methods can achieve an accuracy of 90-95%, they are criticized due to the subjective definition of some of the characters that must be analyzed. Furthermore, the researcher's experience has a significant influence on these percentages (Bruzek & Murail, 2006; Debono & Mafart, 2006; Listi & Basset, 2006) . In the case of osteoarchaeological collections, the poor preservation hinders the accuracy of sex determination (Kelley, 1979; Bruzek, 2002; Kjellstr€ om, 2004) . Moreover, bone remodeling occurs as a consequence of the individual aging process and might modify the morphology of some diagnostic characters (Rogers & Saunders, 1994; Murail et al. 2005) .
Quantitative or metric methods afford greater objectivity and simplicity in their application and require less training for the researchers who use them. The objection is that many of these methods rest on criteria that are supported by theoretical differences in size and robustness between women and men. However, this pattern is subject to great intra-and inter-population variability. Additionally, the fragmentary nature of some remains prevents the measures for sex diagnosis from being obtained. In the case of discriminating analysis, which is commonly used in anthropological studies, a widespread initial mistake is to apply the discriminating function to a different population from the one for which the equation was initially calculated (Bruzek & Murail, 2006) .
Nevertheless, among these metric methods, there is one that deserves special mention because it is able to solve many of the above-mentioned issues: the proposal of Murail et al. (2005) , known as Diagnose Sexuelle Probabiliste, or DSP. It is a sex determination tool based on a simple spreadsheet program that uses the discriminant function analysis principle. DSP calculates the individual probability of a specimen being a male or a female by comparing the os coxae metrics with an extensive reference sample. This database is composed of 2040 adult specimens with known sex from 12 documented collections from four continents (Europe, Africa, Asia and North America).
The sex is allocated using the DSP program only if the posterior probability is equal to or greater than 0.95, but the individuals who fail to reach this value are classified as indeterminate. Other researchers have confirmed these results (Chapman et al. 2014; Mestekova et al. 2015; Krishan et al. 2016 ) with accurate and reliable classifications in populations from regions that initially were not incorporated into the database of the method (S anchez-Mejorada et al. 2011) . The objectivity of this methodology lies in working with combinations of measures (always in a number higher than four), thus improving the study of fragmentary bone remains.
Shape analysis by geometric morphometrics, which allows the study of the bone shape from a purely objective perspective, provides a way to reconcile visual and metrics approaches. This quantitative method (Rohlf & Marcus, 1993) has become widely used in many research fields, including physical anthropology (Bookstein et al. 2004) . Geometric morphometics analyzes the shape changes in objects based on the displacement of reference points and named landmarks. By doing so, it addresses the study of the sole geometry of objects, removing from the shape all of the information not related to the geometry itself (by scaling, translating and rotating the objects). Therefore, it allows the statistical comparison of the shapes of different sized objects, and the study of their size as an independent variable. Moreover, morphological changes can be easily observed in graphic models (Bookstein, 1991; Zelditch et al. 2004; Slice, 2005) . Geometric morphometrics has been broadly used in paleontology or evolutionary anthropological studies that are focused principally on the skull (Slice, 2007) , but in recent years it has been applied in numerous studies that examine the postcranial human skeleton.
Many of the geometric morphometrics studies related to sex dimorphism of the pelvis or the ossa coxae to date have been motivated by the need to improve the traditional sex determination methods. By analyzing specific regions of the os coxae, such as the greater sciatic notch or the ischiopubic region, some authors have observed that geometric morphometrics techniques could distinguish between female and male with high levels of accuracy (Steyn et al. 2004; Pretorius et al. 2006; Gonz alez et al. 2007 Gonz alez et al. , 2009 G omez-Vald es et al. 2012; Anastasiou & Chamberlain, 2013; Veleminska et al. 2013) . All these studies were carried out on photographs showing the ossa coxae (2D), which seem inappropriate due to the complex three-dimensional (3D) structure of this bone. Bytheway & Ross (2010) presented a first 3D approach to sex determination employing ossa coxae. However, most recent studies that have applied geometric morphometrics to ossa coxae have focused on studying the human morphological variation in the context of paleoanthropology (Bouhallier et al. 2004; Bouhallier & Berge, 2006; Lycett & Von Cramon-Taubadel, 2013) or a human evolution point of view (Lockwood et al. 2002; Betti et al. 2013 Betti et al. , 2014 Betti, 2014) .
Here we present our research focused on analyzing the shape of the os coxae itself. We applied geometric morphometrics to the osteoarchaeological material in a Spanish collection with the aim of describing the differences between the female and male morphological characteristics. The study material was reduced to complete ossa coxae from adult individuals. The sex of the ossa coxae analyzed had been previously determined and confirmed by the DSP method, with reliability higher than 95% (Murail et al. 2005; S anchez-Mejorada et al. 2011; Chapman et al. 2014; Mestekova et al. 2015) . This is a very important detail because in many of the above-mentioned investigations the remains studied come from undocumented osteological collections in which sex determination has been performed using an inappropriate methodology. In any case, no methods have been used to date that reach 95% accuracy in sex determination, as in the case of the DSP method. The threedimensional shape of the bone has been characterized and the patterns of morphological variation described with a reduced set of landmarks located in regions of great interest for sex determination.
Methods Sample
The sample was composed of 46 adult ossa coxae selected from the osteoarchaeological collections located at the Laboratorio de Poblaciones del Pasado (Universidad Aut onoma de Madrid, Madrid, Spain). Specifically, the samples selected came from the ossuary recovered in Almansa (Albacete, Spain), which is associated with the medieval Church of Santa Mar ıa de la Soledad (used as a cemetery between the 13th and 18th centuries). The bones were moved to the ossuary due to the use of space inside the building. Anatomical connections were not found in the skeletal remains; however, the bones were in an exceptionally good state of preservation, which made them highly useful for anthropological research.
All of the individuals in the selected sample were adults, considering as such those with ossa coxae with complete fusion of the three elements forming this region (ilium, ischium and pubis) and their epiphysis. Due to the archaeological origin of the material, only complete and well-preserved bones were accepted for geometric morphometrics analysis. For this reason, we obtained a sample of 46 adult ossa coxae, 24 left side bones and 22 right side bones.
Prior to the geometric morphometrics study, sex determination was carried out by applying different methodologies: those of Phenice (1969) and Bruzek (2002) and the DSP method (Murail et al. 2005) . Three researchers used visual methods, and their evaluations concurred for 25 male and 21 female ossa coxae. The DSP method confirmed those results, providing a classification with more than 99.74% probability in women and more than 95.94% probability in men.
Landmarks and data collection
A total of 28 landmarks were selected (see descriptions in Table 1 ) and localized over each os coxae, as depicted in Fig. 1 . The points are located in the regions of greatest interest for sex determination according to the literature. The constructed landmarks were designed to characterize the shape of any particular region in which it was more difficult to identify specific points or in which there were no anatomically definable points, as noted by Bytheway & Ross (2010) .
Digitization of the bones was carried out using the MICROSCRIBE G2 tool (Immersion Corp., San Jose, CA, USA).
Intra-observer error test
A test was performed to assess, quantify and control the possible measurement errors made during data collection. All of the landmarks from six randomly chosen bones were digitized, corresponding to individuals C80, C146, C152, C106, C180 and C65. The first five were digitized only once and the sixth was digitized five separate times (C180_1, C180_2, C180_3, C180_4 and C180_5).
After determining the Procrustes-fit coordinates, the Procrustes distances matrix was obtained using the MORPHOLOGIKA v. 
Geometric morphometrics
To compare the bone shapes, an initial phase is necessary to remove the position, scale and orientation information from the digitized coordinates and to obtain the shape data for the statistical analyses. To perform this step, the landmarks were superimposed using the Procrustes generalized least squares (GLS) method (Zelditch et al. 2004) . The superimposition and the statistical analyses (principal components analysis (PCA), regressions and discriminant analysis) were carried out using the software MORPHOJ v. 1.04a (Klingenberg, 2011) . At the same time, the software MORPHOLOGIKA v. 2.5 (O'Higgins & Jones, 2006) was used to obtain a visualization of shape changes and improve the interpretation of the obtained results. A complementary statistical analysis (independent samples t-test) was made using SPSS Statistics v. 17.0 (SPSS Inc. 2008). Union between the base of the anterior inferior iliac spine and margin of the acetabulum 4
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Results

Intra-observer error test
The results of the test show that the largest distance between repetitions is smaller than the smallest distance between individuals, with the first being smaller than the second by 0.0747 (Table 2) . Therefore, the error made during data collection is within acceptable values and does not significantly affect the results. Repetitions of the data obtained from one os coxae are more similar among themselves than they are to any other registered sample used in the test.
Principal component analysis
The PCA shows that 90% of the morphological variance of the os coxae is explained by a total of 18 principal components, although most of the variation (over 50%) is included in the first four components (Table 3) . The first principal component (PC1) is the only component that clearly distinguishes between the female and male ossa coxae studied. Both groups were determined by 90% equal frequency ellipses (Fig. 2) , where only two female individuals remained on the intersection and just one male individual appeared in the contrary group. The variation in shape explained by PC1 is related to changes in regions that are associated with the birth canal. On one hand, female ossa coxae (negative values of PC1; Fig. 2 ) are characterized by wider structures, such as a longer arcuate line, a greater sciatic notch with larger amplitude and a lengthened pubis. On the other hand, the opposite features characterized the male ossa coxae (positive values of PC1; Fig. 2 ): a shorter arcuate line, a closed greater sciatic notch and a reduced pubis. Therefore, the morphological shape variation explained by PC1 is congruent with the features Fig. 1 Graphic representation of the selected landmarks (modified from Spalteholz, 1990) . of the anatomical units related to the birth canal that distinguish the broadening of the female os coxae. The second, third and fourth principal components (PC2, PC3 and PC4) also described sex dimorphism patterns, reflecting the variation between women and men in the relative surface of the ilium relative to the complete os coxae, the morphology of the iliac crest, and the position of the sacroiliac joint. Nevertheless, none of these three characteristics alone was sufficient to distinguish male from female in the sample.
Regressions and independent samples t-test
The low percentages of variance explained by the principal components usually indicate a weak relation between size and shape changes, thus making it necessary to contrast this hypothesis through regression.
A regression test between the Procrustes coordinates (shape, dependent variable resulting from removing the effects of orientation, size and position from the coordinates) and the centroid size (size, independent variable generated during the scaling stage of the superimposed Procrustes, which preserves the information on individual size of each digitalized bone) is statistically significant; therefore, shape is influenced by size (P = 0.0009, 10 000 permutations). The independent samples t-test carried out between centroid size of women and men as a complementary test also indicates significant differences in the average size of the ossa coxae from both sexes (t = À3.153, d.f. = 39.637; P = 0.003, having assumed unequal variances according to Levene's test, F = 5.608, P = 0.022).
However, regression also permits knowledge to be gained on the dependent variable percentage that can be explained by the independent variable. Size explains only 6.0215% of the shape variation (R 2 = 0.060215). Therefore, although some percentage of the variation in shape is explained by size, in this case, shape can be considered nondependent (Fig. 3) . Women generally show smaller dimensions of the ossa coxae than men do, although there is some overlap between the groups. The male os coxae seems to present a broader shape variability that is not displayed in female bones (Fig. 3) . When a regression between size and shape separating female and male ossa coxae is performed, the result is statistically significant for men (P = 0.0253, 10 000 permutations) but is not observed in women (P = 0.4679, 10 000 permutations).
Discriminant analysis
The discriminant analysis test was carried out to determine which variables are better for differentiating the os coxae in both sexes, testing their classification power. The typical female and male configurations yielded by the analysis are represented in Fig. 4 .
The male and female shape configurations were contrasted with the centroids of both groups, comparing the Procustes distances and the Mahalanobis distances, producing statistically significant results for both statistics: P < 0.0001, with 10 000 permutations. Again, the main differences were observed in the structures around the birth canal. The typical female shape is characterized by a longer arcuate line, a shorter and forward projected ischial region, and a broader greater sciatic notch. Moreover, the position of the dorsal half of the iliac wing, where the sacroiliac joint is located, is displaced backwards in females. The typical male shape shows the opposite features: the arcuate line is shorter, the ischium is larger and the pubis is shorter, the greater sciatic notch forms a narrow angle and the position of the sacroiliac joint is positioned forward compared with the female morphology. The cross-validation test (leave-one-out) provided by the discriminant analysis correctly classified 90.48% of the women and 80% of the men.
Discussion
Although documented collections allow us to know the chronological age and sex of their individuals, they could introduce bias into the analyses because most of them have a large disproportion in age and sex groups, and the preservation is not always as good as expected. The use of documented collections is a necessary stage when designing or testing a new technology. Nevertheless, in certain anthropological studies, it is not an indispensable phase as long as the appropriate methods are applied and the limitations are considered. The Almansa collection has provided 46 complete ossa coxae, whose sex was determined by the DSP method (Murail et al. 2005) , which has been demonstrated to be a non-population-specific method (Chapman et al. 2014 ) and a valid technique in terms of accuracy and reliability (Krishan et al. 2016 ). In our case, the 46 ossa coxae analyzed were classified with a reliability of 99.74% in Fig. 3 Regression score vs. centroid size scatter plot. Women (gray) and men (black) of sample represented. Fig. 4 Superposition of the typical shape from female (gray) and male ossa coxae (black) of sample obtained in discriminant analysis.
women and more than 95.94% in men. In spite of these percentages, we are conscious that a comparison with a more extensive known sex sample will increase the force of our conclusions in the future.
The PCA results show small percentages of explained variance by each component, similar to the results obtained in other populations (Betti, 2014) . This indicates that the variability is not concentrated in one trait of morphological change but that it is instead distributed over a set of shape variations across different regions of the bone. Diverse structures are involved in the first principal component, although all of them are related to the birth canal configuration, corresponding with the low percentages of the PCA. The fact that the most significant variability is concentrated in the anatomical regions responsible for the birth canal formation confirms the restrictions imposed by locomotion and child-bearing, resulting in a higher sexual dimorphism in this region (Wood & Chamberlain, 1986; Tague, 1992; Bruzek & Murail, 2006; Betti, 2014) .
Considering these statements, the use of sex determination methods based on the evaluation of birth canal characters and related regions should be reinforced. In fact, Bruzek's qualitative method (2002) registers the highest number of characters on this region and is one of the most appropriate for sex classification, especially when the bone remains appear fragmented and metric methods cannot be used.
The results of the regression test suggest that the shape of the os coxae is non-dependent on size because only 6% of the shape variation is explained by this factor. The result bears similarity to the 4.4% obtained by Betti (2014) . This is a highly significant result and suggests that, to date, the relationship between size and shape in the os coxae has not been properly addressed in the anthropological literature. When significant size differences are found between men and women, it is mistakenly assumed that there is a strong connection between size and shape, whereas this is actually a weak link in ossa coxae (Tague, 2000; Wells et al. 2012) , as shown in these results.
Although women usually present smaller ossa coxae than men do, it has been observed that some overlap exists between the groups. In spite of this overlapping area, smaller men still present a masculine morphotype; in the same way, larger women present a female structure. Therefore, according to the results obtained, size itself does not represent a condition for belonging to one sex or another. Other researchers have observed this, but the topic has not been sufficiently emphasized (Betti, 2014) . In addition, this result stated that the metric methods for sex determination using non-correlated linear measurements based on the theoretically existing size differences between the sexes would not be suitable for this classification (Ferembach et al. 1980; Bruzek & Murail, 2006) .
The cross-validation provides high percentages of correct classifications for both sexes (90.48% for females and 80% for males), in agreement with other authors (Pretorius et al. 2006; Gonz alez et al. 2009; Bytheway & Ross, 2010) . The greater flexibility in the masculine shape gives the male ossa coxae a higher morphological variability, which could, especially in the smaller size individuals, be mistaken for females (Meindl et al. 1985) . This is related to the correct classification percentages obtained when using geometric morphometrics in sex discrimination, wherein the male ossa coxae presented a higher number of misclassifications. This phenomenon has perhaps not received sufficient attention in the anthropological literature. The overlapping area between morphological characteristics of one sex and the other, in which the higher male variability plays an important role, indicates that future comparative studies should be more carefully designed. The male group sample should be chosen, taking this fact into account when they are compared with a group of females.
The fact that geometric morphometrics provides fairly accurate results in sex classification has caused some of the authors mentioned to consider this technique a sex determination method in itself. Nevertheless, other studies have applied this methodology on the os coxae, including samples from different populations, and have affirmed that these percentages are considerably reduced due of the influence of the intra-and inter-population variability patterns (Steyn et al. 2004; Gonz alez et al. 2007 ). To use geometric morphometrics as a discriminating method, it would be necessary to evaluate each os coxae individually, which has two disadvantages for the effectiveness of the technique: the first is that the state of conservation must allow the identification of the exact same landmarks in every bone in the sample, without missing any at all, and the second is that the necessary repetition of all of the analyses may lead to the appearance of new variability ranges. For those reasons, it is not possible to obtain a discriminating function that can be applied to the determination of sex. However, this does not imply that geometric morphometrics fails to provide relevant data for this task.
We think that geometric morphometrics could be considered more than a technique. It serves as a tool that facilitates the analysis of shape, which is particularly significant in the case of the os coxae because it shows us the regions where the differences are located and allows us to verify that they are in anatomical regions related to reproduction.
The most relevant result is that female morphology seems to be limited; that is, even though the female os coxae shows some variability in the shape of its different regions, it always adjusts to a restricted pattern. The need for a balance between the bipedal position and the requirements for gestation and childbirth in females of our species might be responsible for this shape restriction (Washburn, 1960; Wood & Chamberlain, 1986; Rosenberg, 1992; Tague, 1992; Bruzek & Murail, 2006; Kurki, 2013b; Betti, 2014) . Male morphology, on the contrary, appears to be more flexible, and more variability can be observed in the shape of male os coxae (Wells et al. 2012) , which is important in itself and should be considered in comparative studies. Nevertheless, it must not be forgotten that this male variability is also limited by the specifications of the human body plan (Kurki, 2013b) and that males may be subject to different sex-specific pressures, including different locomotive and/or loadcarrying strategies (Kurki & Decrausaz, 2016) .
The needs of reproduction plus bipedalism impose morphological restrictions that might be summarized as the female os coxae showing a longer arcuate line originating from a longer pubis (Wood & Chamberlain, 1986 ) and a sacroiliac joint displaced toward the rear and the eversion of the ischia (Tague, 1992) . This restriction allows the formation of a birth canal that is sufficiently broad to deliver successfully a full-term fetus (Tague, 2000; Kurki, 2011 Kurki, , 2013a . Moreover, other studies have concluded that women with smaller body sizes who present small ossa coxae do not see their reproductive ability decreased, because the obstetrical dimensions remain unaltered (Camilleri, 1981; Novotny & Vancata, 1985; Tague, 2005; Kurki, 2007 Kurki, , 2011 Wells et al. 2012) , which agrees with the affirmation that there is a shape-restricted pattern in the female os coxae.
Conclusions
Geometric morphometrics is more than a sex determination method in itself because its techniques have allowed the highly detailed and accurate analysis of sexual variability in the os coxae through the study of shape. This variability is distributed along the bone, principally over the anatomical structures that give form to the birth canal. This region is the key to differentiating between sexes, and size does not condition belonging to either sex group, because it only determines 6% of the shape variation in the ossa coxae.
The female os coxae has restrictions in its morphology that derive from the balance between the features involved in reproduction and bipedalism, and this condition can be observed in all populations and periods. For this reason, men present broader and higher variability in size and morphology than that observed in women, which should be considered in future comparative studies. In addition, visual methods for sex determination are reinforced by the results of this research because they are based on the differences exhibited by female or male ossa coxae as a consequence of the implication of the pelvis in reproduction. In contrast, metric methods that use non-correlated linear measurements, based on the assumed differences in size between women and men, must be questioned in light of these results.
